Observations have revealed strong evidence for powerful jets in the Low/Hard states of black hole candidate X-ray binaries. Correlations between the radio and IR, and radio and X-ray bands suggest that significant contributions to the observed broadband spectrum originate via synchrotron, and also possibly inverse Compton, emission from the jet. We show here that, for reasonable assumptions about the jet physical parameters, it is possible to have dominant synchrotron emission from radio through X-rays. We explore a relatively simple model for a relativistic, adiabatically expanding jet combined with a truncated thermal disk, in the context of the recently discovered black hole binary XTE J1118+480. The broadband spectrum can be almost entirely fit by synchrotron emission. In particular, the X-ray power-law emission can be explained as optically thin synchrotron emission from a shock acceleration region in the innermost part of the jet. The required jet power is consistent with a low accretion rate, and thus the acceleration and cooling time scales will allow high particle energies around γ e 10 4 . X-ray binaries in the Low/Hard-state could therefore be largely dominated by nonthermal emission from a jet, even without requiring strong relativistic boosting.
introduction
Observations are providing increasing evidence that black hole candidate (BHC) X-ray binaries (XRBs) produce powerful collimated outflows when in the Low/Hard X-ray state. This state is characterized by a nonthermal power-law in the X-ray band and little, if any, thermal disk contribution (e.g. Nowak 1995; Poutanen 1998) . At least three directly imaged systems in the Low/Hard state (Cyg X-1, 1E 1740.7-2942 and GRS 1758-258) have radio jets on scales from AU to parsecs. However, XRB jets also reveal themselves in the broadband Low/Hard spectra with a flat-to-inverted radio synchrotron spectrum, analogous to the signature emission of jets in compact radio cores of AGN (Blandford & Königl 1979; Hjellming & Johnston 1988; Falcke & Biermann 1999) . Furthermore, new data suggest a continuation of this radio synchrotron emission to much higher frequencies, a primary example of which is the decay from outburst in GS 2023+338. Even while the radio spectrum is inverting and decreasing, the highest (usually 14.9 GHz) radio flux densities exactly match the decaying de-reddened optical flux. Other multi-wavelength correlations in the Low/Hard states require fast, coherent energy transport from small to large scales in order to explain the quasi-simultaneity. The spatial, spectral and temporal evidence for powerful jets from XRB BHCs in the Low/Hard state is compiled and discussed in Fender (2000) .
We know that jets play an active role in the emission of Active Galactic Nuclei (AGN), even dominating the spectrum from radio through TeV γ-rays in the case of BL Lacs. Many BL Lacs have synchrotron peaks (in νF ν ) in the extreme-ultraviolet (EUV) to X-ray range, and some have even been seen to peak at 100 keV and higher (e.g. Pian et al. 1998) . At the same time, we also would expect that the general structure of accreting BH systems is self-similar. Accordingly, if the flat, optically thick synchrotron spectrum in XRBs indeed extends into the NIR and optical regimes (Fender 2000) , one would expect a corresponding optically thin power-law at even higher frequencies if shock acceleration is present in the jet.
Despite these points, the majority of current models for the broadband (X-ray) spectra of BHC XRBs focus only on the contribution of thermal disk plus coronal inverse Compton (IC) emission (for a review, see Poutanen 1998) . Although these models have not yet been extended to calculate any possible impact from jets on the spectrum, at least for the case of GRS 1915+105 Nayakshin, Rappaport & Melia (2000 and Janiuk, Czerny & Siemiginowska (2000) have shown from models of the rapid X-ray variability that the effect of an outflow is significant; something that was already empirically suggested (e.g. Mirabel et al. 1998; Eikenberry et al. 1998) . We will here demonstrate that emission from jet outflows in XRB in the Low/Hard state have the po-1 Humboldt Research Fellow 1 tential to dominate over the entire broadband spectrum, extending even into the X-ray regime.
As an example, we use the recently discovered X-ray transient XTE J1118+480 (Remillard et al. 2000) , which has been observed not only in the radio through X-rays (see Hynes et al. 2000 , hereafter H00, Fender et al. 2000 , and references therein), but is also at high enough Galactic latitude to allow the first ever EUV detections of an X-ray transient (H00). Its X-ray properties, both in timing and spectra, indicate that the system is a BHC in the Low/Hard X-ray state (Revnivtsev et al. 2000; Wood et al. 2000) . Although jets were not directly resolved with MERLIN to a limit of < 65(d/kpc) AU (at 5 GHz; Fender et al. 2000) , its radio spectrum shows the signature inversion, flattening at higher frequencies, and so it is a promising source to test the jet hypothesis.
In the following sections we first outline the basic parameters appropriate for modeling this system, which consists of an outer cold and an inner hot accretion flow powering symmetric jets. We then discuss how to obtain the basic conditions in the jets governing their emission. We show that a jet with a shock acceleration region can provide the right magnetic fields and particle energies to explain the X-ray power-law. Finally, using a numerical jet emission model that takes synchrotron and IC processes into account, as well as angle and relativistic effects, we are able to reproduce the radio through X-ray spectrum of J1118+480 without the need for much disk/corona emission.
basic model and estimates
We begin with some basic assumptions about accretion in the XTE J1118+480 system, and from there further develop the jet model in an attempt to fit the broadband observations. We consider that a disk of infalling matter is responsible for the extreme-ultraviolet (EUV) data, as well as contributing in the optical, which is suggested by the presence of a weak Balmer jump and optical emission lines (H00; Garcia et al. 2000) . However, the power-law seen in the Low/Hard state X-ray spectrum indicates that a nonthermal component is dominating over any thermal disk contribution at these energies. So far, this has been typically presumed to arise from the Comptonization of some 'seed' photons by a hot, thermal corona (for a review, see Poutanen 1998), and we will here explore an alternative.
One commonly invoked physical explanation for this state is that a standard thin, optically thick disk (see, e.g., Shakura & Sunyaev 1973; Frank et al. 1992) exists only down to some transition radius r tr ∼ 10 2 − 10 3 r s , (r s = 2GM bh /c 2 is the Schwarzschild radius), where the flow becomes hot and non-radiative (Esin et al. 1997; Quataert et al. 1999; Liu et al. 1999 ). We do not, however, include an entire disk model here, since there are several models already in existence which can be used in a later, more detailed treatment (see above, and review in Poutanen (1998) ). Rather, for an estimate we include a representative thermal spectrum for the inner edge of the cool disk both in the direct emission, and in our calculations of cooling rates in the jet and resultant IC emission. The outer radii of the flow will likely contribute in the optical range as well, but this must be considered in the context of more involved disk models as mentioned above.
Taking this approach, the temperature and required luminosity for the inner edge (of the outer disk) can be roughly determined by fitting the thermal spectrum to the EUV data. As discussed in H00, uncertainty in the local absorption leads to large variations in the possible EUV flux for XTE J1118+480. Here, we take the highest absorption value presented, N H = 1.15 · 10 20 cm −2 , because it provides a solid upper limit to any thermal disk contribution (see Fig. 1 ).
Using this absorption, and a distance of ∼ 1 kpc (Dubus et al. 2000) , the approximate fit to the EUV data gives a temperature and luminosity at the inner edge of the accretion flow T d ∼ 1.5 · 10 5 K and L d ∼ 10 35 erg s −1 . Taking the surface area to be roughly that of an annulus of scale width comparable to the radius, we find as an order of magnitude estimate the inner edge of the thermal disk (the transition radius) to be r tr ≈ 500r s , which is in agreement with current models (Liu et al. 1999; Esin et al. 1997) . The luminosity of a standard accretion disk is dominated by the inner edge and its radiative efficiency is q l = 1 4 r s /r tr (Frank et al. 1992, Eq. 5.20) , yielding a rough estimate for the accretion rate ofṀ
(ie. around 5% of the Eddington rate for a 5 M ⊙ black hole). Hence, in the following we use a reference value oḟ
Within r tr we consider a hot, ADAF-like flow existing down to where the jet is launched, and which does not significantly contribute to the spectrum.
For accreting black holes it has been argued that the jet power is of order Q jet ∼ q jṀd c 2 with an efficiency inferred to be of order q j = 10 −1 − 10 −3 (Falcke & Biermann 1995 . However, q j is essentially a free parameter, certainly significantly smaller than unity, and we define q j,−2 = q j /10 −2 . While the jet formation itself is very difficult to model (e.g., Koide et al. 2000) and to date not well constrained, the physics of calculating most of the jet emission is relatively uncomplicated because the flat-to-inverted spectrum stems from the part of the jet where it is basically undergoing free expansion, away from the black hole and the nozzle at its base. Here we build on the jet emission model outlined in Falcke & Markoff (2000) , and references therein.
At the inner edge of the hot accretion flow, plasma is ejected out from symmetric nozzles, where it becomes supersonic. The jets then accelerate along the axes through their pressure gradients up to bulk Lorentz factors γ j ≃ 2 − 3, and expand sideways with their initial proper sound speed γ s β s c ≃ 0.4c. This implies low relativistic Mach numbers around M ∼ 5. The velocity field, density and magnetic field gradient then come naturally from the Euler equation (see, e.g., Falcke 1996) . The dependencies of the magnetic field B and density n on distance are then similar to, but slightly stronger than, the canonical r −1 and r −2 dependencies for conical jets, respectively (Blandford & Königl 1979; Hjellming & Johnston 1988) . When calculating the emission from the relativistic electrons as they propagate along the jets, we take only cooling by longitudinal adiabatic expansion into account. This is consistent with observations in GRS 1915+105 showing similar decay timescales at wavelengths four orders of magnitude apart .
In this way, the basic physical properties governing the emission at each point in the jet are fixed after specifying the jet power, and the initial conditions at the nozzle. We make the simplification of assuming a maximal jet, which follows from the Bernoulli equation (Falcke & Biermann 1995) when the internal energy, here dominated by the magnetic field, is equal to the bulk kinetic energy of particles. This is consistent with a magnetic launching mechanism. The plasma is assumed to originate in the hot accretion flow and therefore contains equal numbers of protons and electrons, with hot electron at a temperature approaching T e = T e,10 · 10 10 K in various ADAF models (e.g., Manmoto 2000) . The electron Lorentz factor of the peak will be at γ e ∼ 4 · T e,10 .
In each jet, B 2 (r)/8π ≃ 0.5q jṀd c 2 /(cγ j β j πr 2 ), yielding a reference value of B ≃ 10 6 G · q j,−2ṁ−8.4 /γ j β j (r/10r s ) −1 for the parameters discussed above. Similarly, the particle density is given by n ≃ 4 × 10 13 cm −3 · (q j,−2ṁ−8.4 /γ j β j )(r/10r s ) −2 . The highest magnetic fields and densities exist at the smallest scale of the jet, which is given by the width of the jet nozzle r nozz .
An essential ingredient for calculating the synchrotron emission is the injection and evolution of the relativistic particle distribution. In AGN jets, the high frequency, optically-thin power-laws are taken to be the result of synchrotron emission from particles being shock-accelerated somewhere along the jet (e.g., Marsher & Gear 1985) . In such a case the crucial parameters for the high energy emission are the location z acc of the first particle acceleration region in the jet, and the fraction of particles accelerated.
Once the plasma, assumed to be injected at the base of the jet with a Maxwellian distribution, reaches the shock, the standard diffusive shock acceleration process will redistribute the particles into a power-law, starting roughly at γ e,min ∼ √ 12k b T e /(m e c 2 ), with an electron energy index p = 2 − 3 typically found in the optically thin synchrotron emission of both AGN and X-ray binaries. For the case of XTE J1118+480, the unbroken X-ray power law (see Fig. 1 ), implies p ≃ 2.6. The acceleration process saturates when the particles reach the energy E e,max = γ e,max m e c 2 where the cooling/loss rates equal that of acceleration. These rates are dependent both on the energy of the particle, as well as the local physical parameters.
The shock acceleration rate is given as
where u j is the relative speed between the shock and the plasma. The parameter ξ < cβ e /u j (Jokipii 1987) is the ratio between the diffusive scattering mean free path and the gyroradius of the particle. This ratio has a hard limit at ξ = 1 where the acceleration scale equals the gyroradius, so to be conservative we define ξ ∼ ξ 1 10. The energy losses at the shock are adiabatic losses, particle escape, IC and synchrotron losses. In our case the latter dominates and we have
where σ T is the Thomson cross-section and U B is the energy density of the magnetic field. The maximum energy 
The corresponding synchrotron frequency is ν c ≃ 2 MeV. The location of the shock acceleration region is basically fixed by the maximum frequency where the flat synchrotron spectrum turns over into the optically thin powerlaw produced at the shock. The flat-spectrum radio emission comes from the summed self-absorbed synchrotron emission from the jet at z > z acc .
From back-extrapolating the X-ray power-law in the spectrum we can see that this turnover frequency has to be somewhere in the IR/optical regime at ∼ 10 14.5 Hz. For a γ e,min ∼ 10 this corresponds to the characteristic synchrotron frequency at B ≃ 10 6 G. This occurs in our jet model at r acc ≃ 10r s , thus confirming our choice for the scaling of q j and r at the beginning of the section. For a M = 5 jet this would be at a distance of roughly z acc ≃ 50r s .
Using a conical emission region of the above mentioned dimensions, we can estimate the synchrotron luminosity to be L ν = 0.5πr
8π , which yields the observed 20 mJy at 10 14.5 Hz for the parameters discussed in this section (i.e., γ e,min ∼ 4 · T e,10 , B ∼ 10 6 G, n ∼ 4 · 10 13 cm −3 , D = 1 kpc). The total synchrotron luminosity, dominated by γ e,max , is obtained by integrating the power-law up to the highest energies yielding a few times 10 35 erg s −1 , which is some 10% of the total jet power (Q j ∼ q j,−2ṁ−8.4 2 · 10 36 erg s −1 ). These simple estimates therefore show that it is easily possible to have the synchrotron radio emission from the jet extending up to very high frequencies, accounting for even the X-ray emission of XTE J1118+480.
results of numerical modeling
To calculate a more detailed broadband spectrum based on the ideas outlined above, we have used the full numerical calculations for a jet model as described in Falcke & Markoff (2000) , with the addition of a particle acceleration region. The model takes into account the relativistic Doppler shifts, adiabatic losses, electron acceleration and loss timescales at the acceleration region as described above, and integrates the synchrotron and IC emission along the jet. The resulting fit is shown in Figure 1 with the parameters of the numerical calculation given in the caption.
Within the framework of the model outlined in the previous section, the relevant free parameters are the inclination angle θ i , the shock distance z acc , and the jet power parameterized by q j . While the electron temperature T e (or γ e,min ) and the fraction of thermal particles accelerated can also be adjusted, they are not independent of the jet power. Decreasing these two parameters will decrease the radiative efficiency, thus increasing q j .
The flat spectrum from radio to optical is due to the optically thick synchrotron emission from the entire jet at z > z acc , while the X-ray power-law is the optically thin synchrotron emission dominated by the shock acceleration region (at z ∼ z acc ) near the jet nozzle. Because of the large ratio between magnetic field and photon densities, IC emission does not play a significant role for the parameters chosen here (see Fig. 1 ). Synchrotron and IC emission from the pre-shock region (z < z acc ) could in principle show up in the soft and very hard X-rays respectively as a function of T e , but the EUV points place an effective upper limit T e 2 · 10 10 K, and so for this source these features are rather weak. The non-simultaneous JCMT point is not fit by this model. This could be accounted for either by inhomogeneities in the jet further out, a distorted jet structure, an outburst, or an additional emission component.
The jet length may be constrained by the turnover seen in the ∼ 2 − 15 GHz range R. M. Hjellming, private communication) . An alternative interpretation is that the jet is longer, but the low-frequency emission is truncated by free-free absorption. We consider the former case here and terminate the jet at ∼ 10 13 cm, i.e. ∼ 1 mas (at 1 kpc), in the GHz range with a ν −0.9 scaling of the size (Falcke 1996) .
For the jet to account for the entire synchrotron spectrum from radio through X-rays, it requires ∼ 1% of the total accretion powerṀ c 2 . Such a low energy demand allows for a less radiatively efficient jet, or a lower accretion rate than estimated here. For example, this latter situation would be the case if the r tr were smaller.
Because we required charge balance between protons and electrons for the jet plasma, and a low T e in line with ADAF models, the particles are in sub-equipartition with the magnetic field. In the case of a pair jet or a higher T e , it would be possible to get a higher IC contribution (see short-dashed line in Fig. 1 ). An enrichment of the jet plasma with pairs could arise in very hot accretion flows where proton-proton collisions produce secondary pairs at higher γ e , providing potentially more EUV/soft X-ray emission from the jet nozzle (Markoff et al., in prep.) . The possible acceleration of protons in the acceleration region could also lead to additional high-energy emission (e.g., Markoff, Melia & Sarcevic 1999; Mannheim & Biermann 1992; Klemens 1987) .
The optically thin synchrotron power-law component in the X-rays depends on the existence of a diffusive shock acceleration region which is able to accelerate particles to very high energies. The current limit on γ e comes from synchrotron losses. For a much stronger external photon density, e.g., if the optically thick disk extends much closer in or is much more luminous, this maximum energy could be further reduced due to IC losses. For BL Lacs, IC cooling has been proposed to explain an apparent anti-correlation between luminosity and the maximum frequency of emission ). In the case of the low disk contribution here, the cutoff could be high enough to venture into the realm of future high-energy missions like INTEGRAL. 4. conclusion From our modeling we conclude that in the Low/Hardstate of at least XTE J1118+480, and likely other XRBs, a significant jet contribution from radio through IR is present, and with reasonable assumptions will extend even up to the hard X-rays. To achieve this, one needs only a reasonably small fraction of the available accretion power in the jet. An important element of the model is that the inner part of the accretion disk is very hot and radiatively inefficient, injecting (mildly) relativistic electrons into the jet and allowing high electron energies because of low IC cooling.
One can test this model with a number of predictions. Obviously we expect the radio through IR, as well as the X-rays emission to be linearly polarized at a level similar to AGN radio cores (a few percent -more in the optically thin part). Linear polarization of 1-3% of the radio emission from GX 339-4 and GS 2023+338 in the Low/Hard state has already been reported (Fender 2000 and references therein). Since radio, IR, and X-rays all are supposed to come from the jet and are affected by similar boosting factors, they should scale together in luminosity.
In this type of model, some soft X-rays could come from the disk or the jet nozzle (if T e is larger) which at least qualitatively would imply energy-dependent time lags as observed (e.g. Ford et al. 1999) . The time scale of the lag would depend on the location of the acceleration region in the jet and the disk or nozzle radius. Quasi-periodic oscillations (QPOs) seen in the X-rays could originate in instabilities at the inner edge of the accretion disk, which propagate into the jet via the jet-disk coupling; the physical scales at the base of the jet are certainly small enough to accommodate the observed rapid X-ray variability. The rapid optical flaring from XTE J1118+480 and its coupling to X-ray variability (Merloni, Di Matteo & Fabian 2000) is well explained by synchrotron emission from near the base of the jet; in fact the ∼ 20% amplitude of the optical flaring is about the fraction of synchrotron emission we predict in the optical band. Similarly one might consider helical jet structures or fast jet precession. Finally, the jet is an ideal location for IC processing of disk photons should the disk make a transition to a higher state.
A jet model for the Low/Hard-state therefore provides an interesting new perspective for the modeling of XRBs. As in BL Lacs, the emission could thus be mainly nonthermal, and perhaps the Low/Hard state is a scaled-down AGN analogue. The excellent data available for XRBs therefore promises to yield vital information on the formation and evolution of jets in general.
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